High-strength bolted friction-type joints are often used for onsite maintenance and strengthening work for steel bridges. Abrasive blast-cleaning to prepare the surfaces of existing steel members may not be done depending on site conditions. In this paper, slippage tests were carried out for specimens with splice plates coated with inorganic zinc-rich paint on the surface and connected plates with varied surface roughness. The results of the slippage tests showed that the relationship between slip coefficient and surface roughness was linear up to 75 μm thickness of inorganic zinc-rich paint. Furthermore, a design slip coefficient is proposed for inorganic zinc-rich paint with thickness from 50 μm to 150 μm, considering Ra on the surface.
INTRODUCTION
High-strength bolted friction-type joints are often used for maintenance and strengthening work for steel bridges, including installing brackets as bridge-fall-prevention devices and adding steel members to corroded sections. The Japanese Specifications for Highway Bridges 1) provides that the slip coefficient for high-strength bolted friction-type joints is 0.4 with roughened steel surface with mill scale removed, or 0.45 with inorganic zinc-rich painted surface satisfying certain conditions. Also, Mori et al. 2) proposed slip coefficients for roughened steel surfaces, such as surface roughness, red rust surfaces, and inorganic zinc-rich paint surfaces.
During the strengthening work for steel bridges, the surface of additional steel members to existing members is often painted with inorganic zinc-rich paint to prevent rusting when moving from a fabrication factory to a construction site. On the other hand, the surface preparation of existing steel members may not always be done using abrasive blast-cleaning in urban areas due to narrow work spaces and the noise it creates that is disturbing to neighborhood residents. Thus, surface preparation using power tools is preferred 3) . However, it is difficult to apply inorganic zinc-rich paint on the surface using power tools 4) . Slippage tests simulating these site conditions 5) Journal of JSCE, Vol. 3, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] 2015 (Originally published in Journal of Japan Society of Civil Engineers, Ser. A1, Vol. 70, No. 1, 137-149, 2014 in Japanese) have been carried out for specimens with splice plates using inorganic zinc-rich paint on surfaces and connected plates using varied surface preparation. As a result, the slip coefficient for high-strength bolted friction-type joints with inorganic zinc-rich painted surface and roughened steel surface was proportional to Rz JIS (10-point average roughness) up to Rz JIS ≤ 80 μm. The surface roughness on roughened steel surface was an important parameter for the slip coefficient. However, the influence of variations in surface preparation and thickness of inorganic zinc-rich paint on the slip coefficient was not clear.
Therefore, in order to: 1) determine the influence of the thickness of inorganic zinc-rich paint and surface roughness or roughened steel surface on the slip coefficient, and 2) to propose the design slip coefficient for high-strength bolted friction-type joints with roughened steel surface and inorganic zinc-rich painted surface, slippage tests for specimens were carried out considering the actual maintenance and strengthening work.
SPECIMENS
(1) Shape and size of specimens Fig.1 shows the shapes and sizes of the specimens. The plate thickness of the connected plates and the splice plates is 28mm and 16mm, respectively. These are SS400 plates (rolled steel for general structure). The high-strength bolts are M22 (F10T). The sizes of specimens are based on the standard test specimen in the Recommendations on design, construction, and maintenance for the friction-type high-strength bolted connections 6) . The ratio β of slip strength and yield strength calculated by equation (1) is set to 0.66 if the slip coefficient is 0.4. Table 1 and Table 2 show the results of the material tests and specifications of the high-strength bolts used in this study, respectively. * The contact surfaces of specimens A-D before surface preparation were inorganic zinc-rich paint (7 bodies), and organic zinc-rich paint (4 bodies). (2) The kinds of specimens The list of specimens is shown in Table 3 . Similar to the existing members, the contact surfaces of the connected plates were prepared using power tools. The surface roughness of steel varied depending on the degree of finish of the surface preparation. The power tools used were disc sander (abrasive grain : C, particle size : F16) and steel wire cup brush (wire diameter : 0.3 mm) as shown in Photo 1. The surface preparation was done by workers who were experienced in the repair and reinforcement of steel bridges. Three workers worked on every one specimen, which could be the reason for variations in the results. The surface roughness of the connected plates of the slipped sides of specimens A ~ D was aimed at Ra (roughness arithmetic average) < 5 μm. In addition, the contact surfaces before the surface preparation were basically painted using inorganic zinc-rich paint. The parts of specimens A, B, and D were painted with organic zinc-rich paint. Surface was further finished to be slightly rough using power tools on the blasted surface of specimens E ~ G, and the surface roughness of specimens E ~ G was set at Ra ≥ 5 μm. Specimens H ~ J were subjected to blast-cleaning to the desired surface roughness. The abrasives used were alumina grids and steel grids for the small and large surface roughness specimens, respectively. The degree of surface preparation shown in Table 3 shows the general working time, though the working time was affected by worker-related conditions and the characteristics of the abrasion power tools. The usual surface preparation was done on specimen A using power tools aimed at removing the existing paint completely. The degree of surface preparation became weaker from specimen B to specimen C, and was meant to keep some of the paint; thus, the usual surface preparation with power tools was not done. Photo 2 shows the finish of surface preparation on the contact surfaces of the connected plates. The contact surfaces of the splice plates were painted with inorganic zinc-rich paint after abrasive blast-cleaning in a factory, and the thickness of inorganic zinc-rich paint varied. The standard dry film thickness of inorganic zinc-rich paint on the contact surface of a splice plate is 75 μm in the Common Specification for Civil Engineering Works 7) of Hanshin Expressway Co., Ltd. Moreover, in the Japanese Specifications for Highway Bridges 1) revised in 2012, as one of the conditions to ensure a slip coefficient of 0.45, the minimum dry film thickness of inorganic zinc-rich paint for each side of the contact surface should be more than 50 μm. On the other hand, in the Japanese Specifications for Highway Bridges 8) prior to revision, one of the conditions to ensure a slip coefficient of 0.4 was a thickness of more than 30 μm. In consideration of these, the ideal film thickness of inorganic zinc-rich paint was set at 30, 50, 75, and 100 μm.
(3) Surface roughness of steel plates
Surface roughness of all connected plates except for specimens K and L, which were painted with inorganic zinc-rich paint, was measured after the surface preparation with a portable surface roughness tester (surftest SJ-400) manufactured by Mitutoyo Corporation. Measured were three kinds of surface roughness parameters, namely, arithmetical average roughness (Ra), maximum height roughness (Rz), and 10-point average roughness (Rz JIS ). The measured points are shown in Fig.2 . Eight positions were measured on the connected plate. In addition, the standard length of roughness measurement was unified at 8 mm. Table 4 shows the average and the coefficient of variations in the measurement results of surface roughness in each specimen. The surface preparation of specimen A done using usual power tool cleaning was Ra = 1 ~ 1.6 μm, Rz = 6 ~ 13 μm, and Rz JIS = 5 ~ 8 μm. It turns out that surface preparation for specimen C becomes weak compared to specimen A, as the average of surface roughness is increased. The surface roughness of specimen D done by steel wire cup brush is found to be comparable to that of specimen B using disc sander (a little weak) and that of specimen C using disc sander (weak). Next, the coefficient of the variations in the three surface roughness parameters of specimens A ~ G using disc sander or steel wire cup brush, was larger than those of specimens H ~ J using abrasive blast-cleaning. Reproducibility of surface preparation through the power tools is seen to be lower than that of the abrasive blast-cleaning, because the surface roughness by power tools highly depends on the capability of workers and the method of using the disc sander.
The relationships among surface roughness parameters are shown in Fig.3 . All the measurement Since the dotted line in said literature and the solid line in this study are almost the same, it indicates that the relationships among the surface roughness parameters may not be affected much by the methods of surface preparation.
(4) Dry-film thickness of inorganic zinc-rich paint
The dry-film thicknesses of inorganic zinc-rich paint of all the splice plates and the connected plates of specimens K and L were measured. The measurement positions are shown in Fig.4 . 16 positions were measured on the connected plate. Eight positions were measured on the splice plate. In addition, each position was measured five times.
The measurement results are shown in Table 5 . Variations in film thickness were small in all the specimens and the measured film thickness was within the range of about ± 10% of the ideal film thickness. However, the variation coefficient of specimen E with film thickness of 30 μm was larger than that of the others. Thickness of 30 μm is considered thin and difficult to paint and control.
SLIPPAGE TEST (1) Bolt axial force
In order to calibrate the bolt axial force prior to tightening the bolts of the specimen using five high-strength hexagon headed bolts, the distortion of the bolt shank was measured with two strain gauges glued symmetrically and parallel to the bolt shank. The attachment positions of the strain gauges are shown in Fig.5 .
The position of the holes of the connected plates and splice plates were aligned, and the high-strength hexagon head bolts were inserted into the holes and tightened manually using a torque wrench. The two bolts at the slipped side were tightened to increase the design bolt axial force (205 kN × 1.1 = 226 kN) by 10%, while monitoring the values of the strain gauges that were glued on the bolt shank. The two bolts at the fixed side were tightened to increase the design bolt axial force (205 kN × 1.2 = 246 kN) by 20% using the torque method.
(2) Measurement and measurement method
The tensile load, the relative displacement between the connected plates and splice plates at the bolt positions, the relative displacement between the two connected plates, and the two bolt axial forces at the slipped side were measured. Each relative displacement was measured with a clipped-type displacement transducer (RA-5) manufactured by Tokyo Sokki Kenkyujo Co., Ltd. The measured positions are shown in Fig.6. 
(3) TEST METHOD
The slippage test was executed by using the universal testing machine (1,000 kN) of Osaka City University. In addition, in consideration of the relaxation of the bolt axial force, it was executed 24 hours after the bolts were tightened.
The tensile load was applied until the load reached slipping resistance force at the slipped side and the bolt hit the bolt hole wall. In addition, if a clear primary slip occurred, the slip resistance force was defined as the maximum load, because the tensile load decreased or was kept constant immediately after the primary slip. On the other hand, if a clear primary slip did not occur, the slip occurrence was determined when the relative displacement became 0.2 mm in accordance with the Recommendation for Design of Connections in Steel Structures 11) .
TEST RESULTS AND DISCUSSIONS (1) Reduction ratio of the bolt axial force
A comparison of the reduction ratio of bolt axial force is shown in Fig.7 . Here, the reduction ratio of bolt axial force is the ratio of the reduction of the bolt axial force 24 hours after tightening the bolts, and it is calculated by equation (2). The reduction ratio of the bolt axial force was from 3% to 8% in all the specimens. Specimens E, F, and G, which had almost the same surface roughness (Ra = 8.5 ~ 9.4 μm) of the connected plate, were compared in order to clarify the influence of the film thickness of inorganic zinc-rich paint of the splice plate on the reduction ratio of the bolt axial force. The results showed a trend in which the reduction ratio of the bolt axial force became large as the film thickness of inorganic zinc-rich paint became large.
(2) Relationship between tensile load and relative displacements
The relationships between tensile load and measured relative displacements are shown in Fig.8 and Fig.9. Fig.8 shows the five measured relative displacements as examples of specimen A-1, which was slipped on the slipped side earlier, and specimen F-1, which was slipped on the slipped side after the fixed side. Fig.9 shows the relationships between tensile load and the relative displacement on the inside bolt position in the slipped side (Pos.B in Fig.6 ) for typical specimens.
Although the bolt axial force on the fixed side was installed as about 10% higher than that on the slipped side, some specimens like specimen F-1 were slipped on the fixed side earlier. The reason for the early slippage is that the variation in slipping resistance was large, etc. In specimen A-1, relative displacements on the slipped and fixed side similarly increased linearly until the load was almost 150 kN. Relative displacement on the slipped side became larger than that on the fixed side until the maximum load, and the slipping occurred on the slipped side. This beginning linear increase is considered to be the elastic deformation of the steel materials between the installed positions of the clipped-type displacement transducer. It is thought that the small displacement with the slipping between a connected plate and a splice plate was added after slipping. On the other hand, although specimen F-1 was generally the same as specimen A-1, since the slipping on the fixed side occurred earlier after the beginning linear increase in specimen F-1, the displacement on the fixed side became a little larger and the slipping occurred on the fixed side. Then, the bearing pressure shifted to the fixed side, the load was increased and reached the maximum load, and the slipping occurred on the slipped side. Moreover, the relationship between tensile load and relative displacement of the specimens slipped on the slipped side earlier was the same as that of specimen A-1; that of the specimens slipped on the fixed side earlier was the same as that of specimen F-1. The relative displacement between two connected plates (Pos.C) was larger than that of the splice plates and connected plates in all the specimens, because the elastic deformation of the splice plate was added. Fig.9 shows the decrease in tensile load and the increase in displacement with slipping after the maximum load in all the specimens. In the case of specimen K with both contact surfaces coated with inorganic zinc-rich paint, specimen K-1 and K-2 showed almost the same behavior. Therefore, the slipping behavior of the specimen with combined inorganic zinc-rich paint had little variation, as compared to the specimen with surface preparation combining the use of using power tools and inorganic zinc-rich paint.
(3) Slip Coefficients
The results of the slippage tests are shown in Table 6 . The slipping resistance in the table shows that of the slipped side. This is the reason the slipping behavior was evaluated correctly, as bolt axial forces on the slipped side were measured by strain gauges. In addition, three slip coefficients in the table are calculated by equation (3) using three-bolt axial force. That is, the slip coefficient is μ 1 , as the average of two-bolt axial force (N) is the design bolt axial force (205 kN); the slip coefficient is μ 2 , as that is the bolt axial force before the test; the slip coefficient (coefficient of friction) is μ 3 , as that is the bolt axial force at slipping. Since the installed bolt axial force and the relaxation of bolts have variations in the specimens, the slip coefficient μ 1 calculated using design bolt axial force includes those variations, in comparison with the slip coefficient between individuals. On the other hand, since the slip coefficient μ 2 was calculated using the bolt axial force of each specimen before the test, such variations were eliminated and it was possible to compare the slip coefficient in the state of the contact surface between individuals. Since the large/small relationships of the slip coefficient of μ 1 , μ 2 , and μ 3 were the same, comparisons and discussions were performed with the slip coefficient μ 2 calculated using the bolt axial force before the test.
Comparison of the slip coefficient μ 2 is shown in Fig.10 . The slip coefficient of specimen A obtained through the usual surface preparation by the power tool is 0.27 ~ 0.30. The slip coefficient of specimens B and C is also around 0.3, which is less than 0.4. Moreover, the slip coefficient of specimen D by the steel wire cup brush is 0.19 ~ 0.21, which is very low. The slip coefficient of specimen E is 0.37, and those of specimen F (except F-2) are 0.42 and 0.44, and that of specimen G is 0.40 ~ 0.54. Thus, the slip coefficient of the specimen with comparatively large surface roughness becomes larger compared to specimens A ~ D, which have small surface roughness. Only the slip coefficient of specimen F-2 is small in specimen F. The slip coefficient is deemed to have varied because the film thickness of inorganic zinc-rich paint of specimen F was as small as 45 μm. However, although the surface roughness of specimen J is considerably large, its slip coefficient is 0.60 ~ 0.67, which is almost the same as the slip coefficient 0.57 ~ 0.64 of specimen I. On the other hand, the slip coefficient of specimens K and L whose contact surface was prepared using inorganic zinc-rich paint was more stably obtained compared to the other specimens. Moreover, even if the contact surface before the surface preparation was coated with inorganic zinc-rich paint or organic zinc-rich paint, both slip coefficients were not significantly different.
(4) Relationship between slip coefficient and each surface roughness parameter Fig.11 shows the relationship between slip coefficient μ 2 and the film thickness of inorganic zinc-rich paint of the splice plates for specimens E, F, G, and I, which have the same surface roughness of the connected plates (Ra = 8.5 ~ 11.3 μm). The formula in the figure is the approximate straight line, and the correlation coefficient is 0.59, which is a little high. The slip coefficient becomes small when the film thickness of inorganic zinc-rich paint is smaller than 50 μm, compared to when it was more than 75 μm up to 100 μm.
Next, Figs.12(a)~(c)
show the relationship between the slip coefficient μ 2 and each surface roughness of specimens whose film thickness of inorganic zinc-rich paint of the splice plates was set at more than 75 μm. The approximate straight lines in the figures were calculated for all specimens except specimen J. The correlation coefficient of the slip coefficient and surface roughness parameter was 0.90 in Ra (arithmetic average roughness), 0.90 in Rz (maximum height roughness), and 0.91 in Rz JIS (10-point average roughness); it also had high correlation. However, even if surface roughness became large as in specimen J, the slip coefficient did not become large. Hence it indicates that the slip coefficient became large in relation to surface roughness linearly, because the unevenness of the roughened steel surface was likely to be caught in the inorganic zinc-rich paint film if the surface roughness was large. On the other hand, even if surface roughness was more than the film thickness of the inorganic zinc-rich paint of the splice plate like in specimen J, the slip coefficient was almost the same as that of specimen I, since the unevenness caught in the inorganic zinc-rich paint film was equivalent to that of specimen I. The slipping occurred in the interface of inorganic zinc-rich painted surface and roughened steel surface when Ra was less than 4 μm. The slipping occurred during the cohesion failure of the film of inorganic zinc-rich paint when Ra was more than 8 μm. Moreover, the slip coefficient of specimen D by the steel wire cup brush became less than 0.2, which was very low. In addition, in Fig.11 , although the slip coefficient of the specimen I is located above the approximated straight line, it could be due to its surface roughness being larger than those of the other specimens with about 1 ~ 2 μm at Ra.
For comparison with past research, the relationship between the slip coefficient μ 1 and Rz JIS is shown in Fig.12(d) . The study of Tamba et al. 5) has test results of the combination of roughened steel surface and inorganic zinc-rich painted surface similar to this study, while the study of Mori et al. 10) shows the combination of roughened steel surfaces. Moreover, two approximate straight lines are shown in the figure. One is the solid line calculated about the test results when the film thickness of inorganic zinc-rich paint of the splice plates is more than 50 μm in this study and the test results of Tamba et al. 5) , while the other is the dotted line of the test results of Mori et al. 10) . When Rz JIS is up to about 40 μm, the slip coefficient of the combination of inorganic zinc-rich painted surface and roughened steel surface is not different from that of the combination of roughened steel surfaces. But when Rz JIS is 60 ~ 80 μm, the slip coefficient of the combination of inorganic zinc-rich painted surface and roughened steel surface becomes larger. Although Mori et al. 10) . explained that the slip coefficient of the combination of roughened steel surfaces becomes small when Ra = 10 ~ 15 μm (Rz JIS = 54 ~ 81 μm), there is no such trend in the combination of roughened steel surface and inorganic zinc-rich painted surface, because the unevenness of roughened steel plates engaged with the soft layer of inorganic zinc-rich paint film.
The correlation coefficient of the approximate straight solid line is 0.92. It is larger than that of the approximate straight dotted line, which is 0.83. Moreover, the inclination of both approximate straight lines is also different.
(5) Observation of slipping surfaces
After the slippage test, the specimens were disassembled and the slipping surfaces were observed. An example of the state of a slipping surface is shown in Photo 3. In addition, the upper and the lower portions of the photo show a splice plate and a connected plate, respectively. It is in the state where the connected plate is pulled leftward of the photo. The images of the damage caused by interfacial and cohesion failures are shown in Fig.13 .
The inorganic zinc-rich paint film around the bolt holes of the splice plates was damaged in all the specimens. As shown in Photo 3(a), in specimens A ~ D with small surface roughness in the connected plates, although the film of inorganic zinc-rich paint of the splice plate was damaged, the inorganic zinc-rich paint did not adhere to the connected plate. Thus, the slipping is deemed to have occurred in the interface of the connected plate and inorganic zinc-rich paint (interfacial failure) like the illustration of damage in Fig.13(a) in specimens A ~ D with small surface roughness of the connected plates. Next, the inorganic zinc-rich paint adhered to the connected plate in specimens E ~ J with large surface roughness of the connected plates. Therefore, it indicates that the slipping occurred in the film of inorganic zinc-rich paint (cohesion failure) like in Fig.13(b) . Moreover, it indicates similarly that the slipping occurred in the film of inorganic zinc-rich paint (cohesion failure) in specimens K and L, which are inorganic zinc-rich painted surface. 
FAILURE MECHANISM AND SLIP COEFFICIENT OF HIGH-STRENGTH BOLTED FRICTIONAL JOINTS WITH ROUGHENED STEEL SURFACE BY POWER TOOLS AND INORGANIC ZINC-RICH PAINTED SURFACE
The test results show that when surface roughness is large, the slip coefficient is large, and the slipping surface fails within the inorganic zinc-rich paint film. On the other hand, when surface roughness is small, the slip coefficient is small, and the slipping surface fails at the interface between the connected plate and the inorganic zinc-rich paint film.
Therefore, when the surface roughness of a connected plate is small, it is thought that the slip coefficient becomes small because the small unevenness of roughened steel surface catches the inorganic zinc-rich paint film a little, and the slipping occurs in the interface between the connected plate and the inorganic zinc-rich paint film. On the other hand, when the surface roughness of a connected plate is large, it is thought that the unevenness of roughened steel surface firmly catches the inorganic zinc-rich paint film, and the slipping occurs inside the inorganic zinc-rich paint film. Accordingly, the slip coefficient depends on the shear strength and film thickness of the inorganic zinc-rich paint.
With the confirmation of the very high correlation among the three surface roughness parameters in the roughened steel surface using power tools, it is proposed that the slip coefficient of high-strength bolted frictional joints with roughened steel surface using power tools and inorganic zinc-rich painted surface be defined by Ra (arithmetic average roughness), as stated in Recommendations on Design, Construction and Maintenance for Friction Type of High Strength Bolted Connections 6) . Since the slip coefficient becomes small when the film thickness of inorganic zinc-rich paint of the splice plate is smaller than 50 μm, considering the variation in the painting quality of inorganic zinc-rich paint, the design film thickness of inorganic zinc-rich paint should be about 75 μm. Low film thickness of inorganic zinc-rich paint should be avoided because it is difficult to control small film thickness and to keep painting quality and slip coefficient constant. Moreover, according to the Japanese Specifications for Highway Bridges 1) , when applying inorganic zinc-rich paint to contact surface, the total dry-film thickness of contact surface must be 100 ~ 200 μm and the minimum dry-film thickness for each side must be more than 50 μm up to 150 μm. Therefore, the upper limit film thickness of inorganic zinc-rich paint of the splice plate should be 150 μm when the contact surface is the combination of inorganic zinc-rich painted surface and roughened steel surface.
When the splice plate is coated with more than 50 μm thickness of inorganic zinc-rich paint, the slipping is found to occur at the interface of the connected plate and the inorganic zinc-rich paint film where the surface roughness of the connected plate is Ra = 1 μm ~ 4 μm. The cohesion failure occurs in the inorganic zinc-rich paint film where the surface roughness of the connected plate is Ra = 8 μm or more. The slip coefficient with cohesion failure is higher than that with interfacial failure in inorganic zinc-rich paint film. In order to make a slip coefficient high in case the contact surface is roughened steel surface and inorganic zinc-rich painted surface, it is necessary to specify the surface roughness of a connected plate in order to make cohesion failure occurred within an inorganic zinc-rich paint film.
Based on the above results, the relationship between the slip coefficient calculated with the bolt axial force before loading and surface roughness is shown in Fig.14 . The failure mode of the contact surface, and cohesion failure or interfacial failure are also shown in the figure. However, it does not show the specimen in which the failure mode is not clear. In the case of the high-strength bolted frictional joints whose contact surface is steel surface roughened by power tools and inorganic zinc-rich paint with film thickness of 50 μm ~ 150 μm, it is proposed that the slip coefficient be 0.4 for Ra (arithmetic average roughness) ≥ 5 μm, and 0.2 for Ra < 5 μm.
CONCLUSIONS
In this study, because it was difficult to perform abrasive blast-cleaning on existing members when maintenance and strengthening work has been done, slippage tests on high-strength bolted frictional joints with roughened steel surface and inorganic zinc-rich painted surface were carried out focusing on the thickness of inorganic zinc-rich paint and surface roughness on roughened steel surface. The findings are as follows:
(1) In the case of surface preparation using power tools, Ra (arithmetic average roughness), Rz JIS (10-point average roughness), and Rz (maximum height roughness) had high correlation.
(2) The surface roughness after the usual power tool cleaning with disc sander (abrasive grain : C, particle size : F16) was Ra = 1 ~ 1.6 μm, Rz = 6 ~ 13 μm, and Rz JIS = 5 ~ 8 μm. The coefficient of variation was large and reproducibility of surface preparation by power tools was lower than that of abrasive blast cleaning. The surface preparation done using power tools highly depended on the workers' skills and the manner of using the disc sander.
(3) In the case of inorganic zinc-rich paint film with roughened surface combined with the use of disc sander to remove the paint completely, the slip coefficient was 0.27 ~ 0.30.
(4) When maximum roughness height (Rz) was lower than the film thickness of inorganic zinc-rich paint, the slip coefficient had linear relation with each surface roughness parameter (Ra, Rz, Rz JIS ). However, if Rz was larger than the film thickness of inorganic zinc-rich paint, the slip coefficient was not large.
(5) The correlation of surface roughness of roughened steel and the slip coefficient was higher in the case of the combination of roughened steel surface and inorganic zinc-rich painted surface than the combination of roughened steel surfaces. Although the slip coefficient of the combination of inorganic zinc-rich painted surface and roughened steel surface was the same as that of the roughened steel surfaces when Rz JIS was up to about 40 μm, the slip coefficient of the combination of inorganic zinc-rich painted surface and roughened steel surface tended to become larger when Rz JIS was 60 ~ 80 μm.
(6) From observation of the slipping surface after the tests, when the film thickness of inorganic zinc-rich paint was more than 50 μm, the slipping occurred in the interface of the connected plate and inorganic zinc-rich paint in the specimen with low surface roughness. The slipping occurred in the cohesion failure of the film of inorganic zinc-rich paint in the specimen with large surface roughness. Since the slip coefficient was high when surface roughness was large, it can be concluded that the slip coefficient becomes higher in the cohesion failure of the inorganic zinc-rich paint film than in the interfacial failure. (7) In the case of high-strength bolted frictional joints whose contact surface is roughened steel surface caused by power tools and inorganic zinc-rich painted surface with film thickness of 50 μm ~ 150 μm, it is proposed that the slip coefficient be 0.4 for Ra (arithmetic average roughness) ≥ 5 μm, and 0.2 for Ra < 5 μm.
Future studies shall focus on the construction and quality control methods for surface preparation to obtain Ra ≥ 5 μm.
